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Single frequency phase analysis eddy current techniques have limited 
potential for inspections for surface cracking in inhomogeneous 
ferromagnetic welded surfaces [1]. Signals from these cracks are masked 
in noise produced by lift-off, probe wobble and local changes of the 
permeability of the weld, the most troublesome noise source. Surface 
cracks and changes in magnetic permeability create signals with phase 
angles that are too close to be discriminated from each other. Another 
method, in addition to phase discrimination, must be used to distinguish 
crack signals from signals created by changes in magnetic permeability. 
This paper explores the use of the comparison of phase and amplitude data 
from two probe frequencies to distinguish cracks from changes in local 
magnetic permeability. 
MODEL 
Eddy current surface inspection can be modeled by the transformer 
circuit shown in Fig. 1. The primary circuit represents the eddy current 
instrument which consists of a current source and a probe coil which has a 
resistance, R1 , and inductance, L1 . The secondary circuit represents the 
weld surface. The inductor, L2 has a ferromagnetic core with a variable 
permeability, ~. that imitates the permeability of the weld. The 
resistance, R2 , represents the resistance of the weld surface to current 
flow. Changes in the input impedance of the primary circuit, Z, are 
measured. The input impedance of the circuit is mathematically described 
as follows: 
Z = R1 + j wL1 + w2k 2L112 (1) 
R2 + jwL2 
where 0 < k < 1 is the coupling coefficient of the two coils and w is the 
frequency of the applied current in radians. Since Z has both real and 
imaginary components, j donotes an imaginary component. A detailed 
derivation of the input impedance described by Eq. (1) can be found in 
Libby [2]. 
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 9 
Edited by D.O. Thompson and D.E. Chimenti 
Plenum Press, New York, 1990 
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0 < k < 1 
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Fig. 1. Transformer circuit modeling the eddy current weld 
surface inspection. 
The plot of the imaginary versus the real components of the input 
impedance, Z, is shown in Fig. 2. All values are normalized to wL1a, 
where L1a is the value of the probe inductance in air and R1 has been 
subtracted since it only causes a horizontal shift of the impedance plane. 
The arrows point in the direction of an increase in the labeled variable. 
More detailed information of the impedance diagram can be found in Libby 
[2]. 
A qualitative understanding of the effect of the inspection 
parameters on the impedance diagram may be obtained by independently 
varying the values of R2 , L1 , L2 , w, or k. The semi-circular loci shown 
are obtained by varying w, R2 , or L2 • Changes in w represent changes in 
the excitation frequency of the inspection probe. Changes in R2 
correspond to changes in the resistivity of the metal in the weld 
specimen. The changes in the weld permeability are modeled by varying the 
inductance of both L1 and L2 • The value of L2 changes proportionally with 
~. while the extent to which L1 is affected is dependent on its proximity 
to the core. The effect of lift-off can be observed by varying k. A 
decrease ink is analgous to increasing the probe lift-off. 
In terms of the actual inspection, the extent to which L1 changes 
depends on the type of probe being modeled and how well the probe is 
coupled to the weld surface; however, L1 will always be affected less than 
L2 because the coupling efficiency is always less than one. The predicted 
response to a decrease in permeability of two types of probes coils 
(pancake - coil axis perpendicular to the weld surface, and vertical coils 
- the coil axis is parallel to the weld surface) is shown in Fig. 3. 
Since pancake type probes have better coupling to the weld surface, L1 is 
made to vary more than it would in a model of a probe with vertical coils. 
Note that the probe with better coupling, that is, the pancake probe, has 
a response that is more in the direction of a decrease in L1 (movement 
away from the semicircle locus.) 
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Fig. 3. The effect of a decrease in~ for two different 
probe coupling efficiencies. 
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RESULTS FROM THE MODEL 
In this paper it is hypothesized that cracks can be modeled as a 
simultaneous decrease in the conductivity and permeability of the weld. To 
test this hypothesis, probes were connected to a vector impedance analyzer 
which was set to step through several frequencies. The locus of impedance 
values obtained at different frequencies is the conductivity locus. 
Permeability loci were obtained by placing the probe on a defect free, 
flush ground weld sample at various locations and plotting the impedance 
values at a number of frequencies. These loci are shown in figure 4a. 
The conductivity locus is in the shape of a portion of a semicircle 
represented by the dashed line. The permeability loci are radially 
directed and are shown for the cases of 125, 250, 500, and 1000kHz. 
To test the hypothesis that cracks can be modeled as a simultaneous 
decrease in the conductivity and permeability the probe was placed 
adjacent to and then on a crack in a flush ground weld sample. These data 
are plotted in figure 4b for the same frequencies previously identified. 
To support the hypothesis, an arrow pointing from the impedance value 
obtained adjacent to the crack to the value obtained on the crack would be 
expected to point in a direction between decreasing conductivity and 
decreasing permeability. Figure 4c, a combination of figures 4a and 4b, 
demonstrates that crack signals lie in a direction that supports the 
hypothesis. 
The data from the highest frequency tested (1000 kHz) does not 
conform to the prediction as well as the data from the lower frequencies. 
This is due to resonance of the probe near this frequency. The probes 
have small capacitances which in combination with the inductance of the 
system cause the probe to resonate. Future efforts should include the 
capacitance in the model since nothing prevents a probe from operating as 
an inspection tool while in resonance. 
The predicted phase and amplitude of a crack signal and its relation 
to a signal from a permeability decrease were calculated for the 
frequencies w- 0.1 and w- 1. The initial values of R2 , L1 , and L2 were 
set to 1. To model a change in~. L2 was decreased to 0.5 and L1 to 0.99. 
A simultaneous increase in R2 and decrease in L2 and L1 was used to the 
model a crack; R2 was decreased to 0.5 and 1 1 and L2 were decreased as they 
were to model a decrease in~· The value fork was set arbitrarily to 0.5 
as it would not effect the relationship of the results to each other. The 
model resulted in the predictions shown in table 1 for the amplitude and 
phase of signals from a crack and a decrease in permeability. 
The results presented in table 1 indicate that for a given frequency 
the model predicts only a small change in phase regardless of whether the 
condition modeled is a permeability decrease or a crack. Out of the total 
360 degrees on the phase display screen that must be evaluated, a 10 or 12 
Table 1 - Predicted signal amplitudes and phases 
Frequency Condition Amplitude Phase 
w modeled 
0.1 ~ decrease 0.0157 -150 
0.1 crack 0.0216 -160 
1.0 ~ decrease 0.0707 111 
1.0 crack 0.1211 123 
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Fig. 4a. Conductivity locus and permeability loci. 
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Fig. 4c. Comparison of crack, conductivity, and 
permeability signal directions. 
degrees difference is very small - only a 3% change. On the other hand, 
there is an 18% difference in the high to low frequency amplitude ratios 
of the crack signal and the change in permeability signal. The amplitude 
of the crack signal at w = 1 is 5.6 times its value at w = 0.1, while the 
amplitude of the higher frequency permeability signal exceeds its lower 
frequency value by a ratio of 4.5. The combination of phase similarities 
and a large high to low frequency amplitude ratio can be useful in 
discerning cracks from permeability changes. 
DEVELOPMENT OF A TWO FREQUENCY SIGNAL COMPARISON ALGORITHM 
A two frequency signal comparison algorithm was developed to 
determine if signal amplitudes in addition to phase could provide a means 
to distinguish cracks from changes in permeability. In this algorithm, 
two time varying signals with X and Y components are screened for phase 
direction. If both signals simultaneously have the characteristic phase 
of a crack (and as a result also permeability) the amplitudes of the 
signals are measured. If the ratio of the high frequency to low frequency 
exceeds a certain threshold, the signal can be determined to be the result 
of a crack in the weld. 
Tests were conducted on ferromagnetic flush ground weld samples, 
known to contain short cracks, in order to determine a threshold value for 
three different types of probes. One probe simply consisted of a singular 
pancake coil. A second probe consisted of two coaxial pancake coils 
operated in a differential mode. The third probe was also operated 
differentially and consisted of two vertical coils placed with their axes 
orthogonal to each other. Since the samples were flush ground the only 
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other major signal source was changes in permeability. Signals from five 
randomly chosen cracks and five changes in permeability were obtained from 
each probe type. The frequencies used depended on the probe. Each probe 
was driven by two frequencies, differing by an order of magnitude, that 
were both sensitive to cracks. 
The mean and standard deviations of the high to low frequency 
amplitude ratios are shown for each signal type and probe type in Fig. 5. 
It is readily apparent that the algorithm does not perform well with the 
two types of differential probes. The distribution of amplitude ratios 
for cracks and changes in permeability overlap each other in a manner that 
a threshold value that will disposition with an adequate certainty cannot 
be determined. The amplitude ratios from the orthogonal probe behave 
oppositely to what was predicted, that is, the mean ratio of permeability 
signals are higher than that of crack signals. 
Better results are obtained from the single pancake probe. Assuming 
that the amplitude ratios are Gaussian-distributed about their mean value, 
an optimum threshold value can be determined for the pancake coil that 
allows cracks to be dispositioned with a good degree of certainty. A 
threshold value of 1.39 applied with a single pancake probe dispositions 
cracks and permeability changes correctly 89.5% of the time assuming that 
cracks and permeability changes are equally likely. If cracks are assumed 
to be less likely, for example, to occur only 10% of the time, the 
threshold value can be set higher at 1.58 and the overall percentage of 
correct dispositions will increase to a maximum of 94%. The determination 
of the optimum threshold value and the resulting percentage of correct 
dispositions are obtained by using the method explained by Stremler [3] to 
determine the probability of error in transmission of a binary pulse-code 
modulation system. 
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Fig. 5. Signal amplitude ratios obtained from various probe 
types. 
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CONCLUSIONS 
A two frequency amplitude ratio comparison algorithm used in 
conjunction with phase angle analysis will improve eddy current inspection 
for cracks in ferromagnetic welds by discriminating against the similar 
signals caused by permeability changes. Probes with pancake coils perform 
better with the algorithm than probes with vertical coils because they 
have better coupling to the weld surface. A single pancake probe design 
has discriminated cracks from permeability changes in flush ground welds; 
however, this probe is too sensitive to lift-off to be used on as-welded 
surfaces. Incorporation of this probe's design into a differential 
arrangement is necessary for the algorithm to be applied to as-welded 
surfaces. 
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